Objective: Glucocorticoids are important for normal brain development. Elevation or removal of these hormones can permanently modify the structure and function of the fetal brain. The purpose of this study was to examine the effects of postnatal corticosterone exposure of female pups on metabolic, endocrine and anthropometric variables in adulthood. Design: Female pups were given subcutaneous injections of corticosterone (5 mg/kg, CORT) or vehicle 3 and 5 days after birth. Results: From 6 weeks of age, the CORT rats weighed significantly less than did controls, with diminished fat depots, decreased serum levels of leptin and reduced food intake. Adult CORT rats showed increased insulin sensitivity, measured by hyperinsulinemic, euglycemic clamp (5 mU/kg/min), as compared with controls. CORT rats had lower basal corticosterone levels and lower corticosterone levels 15 and 90 min after exposure to stress.
Introduction
Glucocorticoids play a series of key roles in physiology, maintaining fuel metabolism under basal conditions and underpinning many of the body's adjustments to stressful stimulation.
Synthetic glucocorticoids are today extensively used in neonatological practice to reduce complications associated with preterm delivery (1). Currently very little information is available of the long-term effects of excess neonatal glucocorticoids on brain and neuroendocrine development. Low, constant levels of glucocorticoids are crucial for normal development of the central nervous system. Excess glucocorticoids, however, disturb brain development and can permanently alter structure and function of the brain (2).
In rats, dexamethasone exposure in early pregnancy leads to offspring with changed hypothalamo-pituitaryadrenal (HPA) axis activity and concomitant obesity (3). Dexamethasone exposure in late gestation results in adult offspring with hypertension, hyperinsulinemia, increased basal corticosterone levels, and increased hepatic glucocorticoid receptor (GR) expression at adult age (4, 5).
Rats, rabbits and mice give birth to immature young where much neuroendocrine development occurs postnatally (6). This contrasts with primates, where the majority of neuroendocrine maturation takes place in utero (7). Exposure to excess glucocorticoids in rats during the first week of life leads to permanently reduced brain weights and DNA content (8, 9). Perinatal glucocorticoid exposure is followed by alterations in social behavior and performance in learning tests (10, 11). Early postnatal dexamethasone treatment results in adult rats with blunted HPA axis response to stress (12). Likewise, neonatal handling leads to adult animals exhibiting an attenuated HPA axis response to stress together with an increased density of GRs in the hippocampus and frontal cortex (13), whereas repeated maternal separation results in an increased HPA axis response to stress (14) .
In a recent study, we observed that early postnatal endotoxin exposure leads to programming of insulin sensitivity and HPA axis regulation (15). Endotoxin is a powerful stimulator of glucocorticoid secretion, and corticosterone treatment in infant rats leads to impaired glucose homeostasis in the adult rat (16, 17) .
With this background, the aim of this study was to elucidate the long-term effects of postnatal administration of corticosterone, the endogenous glucocorticoid in rats. The focus of this study was to examine adult body composition, insulin sensitivity, neuroendocrine function and exploratory behavior after postnatal corticosterone exposure.
Materials and methods

Animals
Pregnant nulliparous Wistar rats were purchased from B&K Universal (Sollentuna, Sweden) and were housed singly under controlled conditions (temperature 21 -22 8C, humidity 55 -65%, lights on from 0700 to 1900 h) until parturition. Before the first injection, male pups were removed and female pups were randomly distributed among mothers so that each dam had approximately the same number of pups. Each nest contained only offspring given the same treatment. Pups were raised with a lactating mother until 4 weeks of age, and were then placed in cages housing two to four animals. All were fed with commercial rat chow containing 18.7% protein, 4.7% fat and 63% carbohydrates with sufficient supply of vitamins and minerals (B&K Universal) and tap water was available ad libitum. The study was approved by the Animal Ethics Committee of Göteborg University.
Study procedure
Female pups received subcutaneous (s.c.) injections of 5 mg/kg corticosterone (CORT, Sigma Chemical Co., St Louis, MO, USA) dissolved in 0.1 ml sesame oil on days 3 and 5 after birth. This dose is known to evoke a glucocorticoid response in the postnatal brain (18) . Control pups were injected with sesame oil. Six hours after the first injection, five CORT and six control rats were decapitated and their blood collected for corticosterone analyses. The remaining pups were weaned at 4 weeks of age. Weight was measured once weekly from 4 weeks of age. Blood samples were taken after an overnight fast from a nick in the tail for determination of insulin, leptin (week 7) and, when the animals had reached sexual maturity, testosterone, 17b-estradiol and progesterone (week 9).
Food intake
Food consumption for each cage (three cages per group, three or four rats per cage) was recorded at 9 weeks of age. The rats were presented with the same amount of food and their intake was measured the following day by subtracting the uneaten food. This was done for 10 consecutive days and calculated as food intake in g per rat per day.
Vaginal smear
A vaginal smear was obtained daily for 10 consecutive days when the rats were 8-9 weeks old, to determine the estrous cycle (19) . A cycle is divided into four stages: estrus, diestrus 1, diestrus 2, and proestrus. The usual duration of a cycle in rats is about 4 days. In this study, all rats exhibited normal cyclicity, with clear ovulation (measured as a characteristic, rich amount of epithelial cells without leukocytes in the smears). Blood samples for determination of sex hormones were taken the day after estrus.
Locomotion
Locomotor activity in a novel environment (i.e. exploratory behavior) was assessed in adult animals (20) . Photocell animal motility meters in eight soundproof, ventilated boxes (Kungsbacka mät-och reglerteknik AB, Fjärås, Sweden) connected to a computer were used. The activity boxes with a floor area of 700 mm £ 700 mm were equipped with two rows of eight photocells each. Locomotor activity during 60 min was registered, in dim light, as the breaking of a sequence of beams, representing movement in a single direction. The time of day (between 1200 h and 1500 h) was standardized for all groups. One rat from each group was excluded since, by the time of examination, they were in the proestrous phase of the cycle.
Stress test procedure
In 5-week-old rats, the corticosterone response to stress was tested. This was done by means of a so-called 'novel-environment stress' test, according to a modified protocol described by Lahti & Barsuhn (21) . All tests started at 0700 h, and great care was taken to keep the rats undisturbed and fed the night before the experiment. Tail blood (30 ml) was collected by a nick in the tail immediately before the test, for estimation of prestress levels of corticosterone. The rats were then transferred singly to a novel environment (new cages, laboratory room, loud background noise, bright light). Blood for corticosterone determination (30 ml) was taken from the tail 15, 30, 60 and 90 min after exposure to the novel environment.
Euglycemic hyperinsulinemic clamp (5 mU/kg/min)
For estimation of insulin sensitivity, rats were subjected to a euglycemic hyperinsulinemic clamp as described previously (22) . Animals were subjected to the euglycemic hyperinsulinemic clamp when they were 10 weeks old. The animals were anesthetized with 125 mg/kg body weight of thiobutabarbitural sodium (Inactin, RBI, Natick, MA, USA). Catheters were then inserted into the left carotid artery for blood sampling and into the right jugular vein for infusion of glucose and insulin. The body temperature was maintained at 37 8C with a heating blanket. After a bolus injection, insulin (100 U/ml, Human Actrapid, Novo, Copenhagen, Denmark) was continuously infused at a rate of 5 mU/kg/min. A 10% glucose solution in physiological saline was administered to maintain the plasma glucose concentration at 7 mmol/l. Glucose was infused at a speed guided by glucose concentration measurements in 30 ml blood at regular intervals (every 5 min during the first 40 min and thereafter every 10 min). At 0, 40, 80, 120, 160 and 200 min of infusion, 250 ml blood samples were taken for determination of insulin concentration. A total of less than 2 ml blood was used for the determinations, and compensated for by the infusion volumes. During the clamp, one control and one treated rat died.
Tissues
At the completion of the clamp, the rats were killed by intravenous injection of KCl. The brain was quickly removed, and the hippocampus and hypothalamus dissected, snap-frozen in liquid nitrogen and stored at 2 80 8C. The adrenals, thymus, heart, spleen and the muscles of the hind limb-extensor digitorum longus, tibialis anterior and soleus, and the parametrial, mesenteric and retroperitoneal adipose tissues were rapidly excised and weighed.
Preparation of protein extracts
The frozen hippocampus and hypothalamus from each animal were placed into an ultracentrifuge Eppendorf tube containing five volumes of ice-cold TEGMD buffer (20 mmol/l Tris, 1 mmol/l EDTA, 10% glycerol, 10 mmol/l sodium molybdate, and 1 mmol/l dithiothreitol) with protease inhibitors. Tissue and cells were disrupted with a Soniprep 150 Ultrasonic disintegrator (MSE Sanyo Galtenkamp Plc, Loughborough, UK). Complete homogenization was confirmed by light microscopy. Following centrifugation at 2 8C for 45 min at 105 000 g (Optima TLX Ultracentrifuge, Beckman Coulter Inc., Palo Alto, CA, USA), the supernatant was collected, aliquoted and stored at 2 80 8C. Protein content was determined using the bicinchoninic acid protein assay (Pierce Chemical Co., Rockford, IL, USA).
Western blot analysis of GR protein
A sample from each individual (20 mg total protein from the hippocampus or the hypothalamus) was mixed with 4 £ sodium dodecyl sulfate (SDS) sample buffer, boiled for 5 min and resolved by electrophoresis in 8% SDS-PAGE gels in Tris-glycine -SDS buffer. Protein was electrophoretically transferred to polyvinylidene difluoride Western blotting membranes (Roche Molecular Biochemicals, Mannheim, Germany) in Tris -glycine-methanol buffer (overnight at 4 8C, 200 mA) using a Trans-Blot Electrophoresis Transfer Cell (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked for 1 h at room temperature with 5% non-fat dry milk in Tris-buffered salineTween (TBS-T), washed briefly in TBS-T and incubated for 1 h at room temperature in TBS-T with 1% non-fat dry milk, containing the appropriate dilution of antibody (1:5000 monoclonal anti-actin (clone AC-40; Sigma Chemical Co.) and 1:2000 polyclonal anti-GR (M-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA)). Membranes were washed in TBS-T and placed in TBS-T with 1% non-fat dry milk containing a 1:2000 dilution of peroxidase-conjugated secondary anti-rabbit and anti-mouse antibody respectively (Amersham Life Science, Arlington Heights, IL, USA) for 1 h at room temperature. Blots were washed in TBS-T and visualized with Western blot Chemiluminescence Reagent Plus (NEN Life Science Products, Boston, MA, USA), exposed to ECL hyperfilm (Amersham Life Science) and quantified on the Fluor-S MultiImager using Quantity One software (Bio-Rad Laboratories).
Analytical methods
Blood was collected in heparinized microtubes and centrifuged immediately in a microcentrifuge. Plasma concentrations of glucose were enzymatically determined on a YSI 2700 SELECT biochemical analyzer (YSI Inc., Yellow Springs, OH, USA). Plasma insulin and leptin were analyzed by radioimmunoassay (Rat Insulin RIA kit and Rat Leptin RIA kit, Linco Research, St Charles, MO, USA). Progesterone and 17b-estradiol were assayed with commercially available enzymelinked immunosorbent assays (progesterone ELISA and estradiol ELISA; Biomar Diagnostic Systems, Marburg, Germany). Testosterone was measured with a solidphase radioimmunoassay (Coat-A-Count Total Testosterone, Diagnostic Products, Los Angeles, CA, USA). A radioimmunoassay was used for corticosterone measurement (RSL 125 I corticosterone RIA; ICN Biomedicals, Costa Mesa, CA, USA). Insulin collected during the clamp measurements was analyzed with a double antibody radioimmunoassay (Pharmacia, Uppsala, Sweden).
Statistical analysis
All results are presented as means^S.E.M. The statistical methods used were two-way analysis of variance (ANOVA) for the locomotion and stress tests and the unpaired Student's t-test for the remaining analyses. All analyses were undertaken using the StatView software in the Macintosh system (SAS Institute Inc. Cary, NC, USA).
Results
Pups
Plasma corticosterone in pups decapitated 6 h after receiving the corticosterone injection were below detection levels.
Body weight, food intake and body composition
The body weight development at 4-10 weeks of age in CORT rats and control rats is shown in Fig. 1 . From 6 weeks of age and onwards, CORT rats weighed significantly less than control rats ðP , 0:05 2 0:001Þ: Food intake was significantly lower in CORT-treated rats than in control rats at 9 weeks of age (16:0^0:7 g=day in CORT rats, n ¼ 3 cages and 19:30
:5 g=day in control rats, n ¼ 3 cages; P , 0:01).
In Table 1 the total body weight and the tissue weight in 10-week-old female CORT rats and control rats are presented. The CORT rats weighed significantly less than did the control rats ðP , 0:001Þ: The parametrial ðP , 0:05Þ; retroperitoneal ðP , 0:05Þ; and mesenteric ðP , 0:05Þ fat depots all weighed significantly less in CORT rats than in control rats. The muscle weights were not different between the groups. The CORT rats had an enlarged spleen and heart compared with control rats ðP , 0:05Þ; but there were no significant changes in the weights of the adrenals and thymus.
Hormonal analyses
The CORT group had a significantly lower fasting plasma concentration of leptin than did the control group ð0:47^0:06 ng=ml; n ¼ 11 and 0:82^0 :06 ng=ml; n ¼ 10; P , 0:001Þ: CORT rats and control rats did not differ in fasting plasma concentrations of insulin ð6:6^0:8 mU=l; n ¼ 11 and 8:0^1:2 mU=l; n ¼ 10Þ; testosterone ð0:12^0:01 nmol=l; n ¼ 11 and 0:10^0:01 nmol=l; n ¼ 10Þ; 17b-estradiol ð1461 7 pmol=l; n ¼ 11 and 135^20 pmol=l; n ¼ 10Þ and progesterone ð108^7 nmol=l; n ¼ 11 and 1151 5 nmol=l; n ¼ 10Þ: Figure 2 shows the locomotor activity in a novel environment (exploratory behavior) of 8-week-old rats from the CORT study. As usually observed when rats are placed in a new environment, the locomotor activity was initially high but declined markedly during the observation period (habituation). The ANOVA results showed that in both groups the exploratory locomotion was dependent on time ðP , 0:001Þ: There were, however, no significant differences in locomotor activity between treated rats and control rats. Figure 3 shows plasma corticosterone levels in 5-weekold CORT rats and control rats after they were singly transferred to a new cage. The ANOVA repeated measures showed that there was a significant effect of treatment before and during stress exposure ðP , 0:05Þ: When comparing the groups at individual time points with unpaired Student's t-test, CORT rats had lower corticosterone levels than did the control rats before exposure to ðP , 0:01Þ; and after 15 (short term effect) and 90 min (long term effect) in the new environment ðP , 0:05Þ: Table 2 shows the difference Table 1 Total body weight (g) and weights of extensor digitorum longus (EDL), soleus and tibialis anterior (TIB) muscles, parametrial, retroperitoneal and mesenteric adipose tissue, adrenals, thymus, spleen and heart (g/kg bw) in 10-week-old femal CORT-treated and control rats. Data are means^S.E.M. between corticosterone response to stress at 15, 30, 60 and 90 min and basal levels. This shows that the amplitude of the corticosterone response after the stress exposure was similar between the two groups and no difference in stress response was seen between the groups at any point in time.
Locomotion test
Basal and stress-induced corticosterone secretion
Control ðn ¼ 10Þ
Euglycemic hyperinsulinemic clamp (5 mU/kg/min)
In Fig. 4 , the glucose infusion rate during the euglycemic, hyperinsulinemic clamp in CORT-treated and control rats is shown. The CORT rats exhibited a significantly increased glucose infusion rate under steady state conditions, that is, at 60 -200 min of clamp time ð20:2^1:5 mg=kg=min for CORT rats, and 14:1^1:5 mg=kg=min for controls; P , 0:05Þ: There was no difference in plasma glucose levels (6:8^0:05 mmol=l; n ¼ 10 and 7:0^0:06 mmol=l; n ¼ 9 in CORT-treated rats and controls respectively) during steady state (60-200 min), and there was no significant difference in mean plasma insulin levels between the groups (90^6 mU=l; n ¼ 10 and 101^7 mU=l; n ¼ 9 in CORT-treated rats and controls respectively).
Glucocorticoid receptor protein expression in the brain
There were no differences in GR protein levels expressed as the GR:actin ratio, either in the hypothalamus (1:85^0:44 and 2:69^0:78 for CORT rats, n ¼ 8; and controls, n ¼ 8; respectively) or in the hippocampus (1:33^0:18 in CORT rats, n ¼ 10 and 1:380 :15 in controls, n ¼ 9Þ:
Discussion
Low, constant levels of glucocorticoids are important to assure normal postnatal brain development in rats (2, 23). To secure low unperturbed glucocorticoid levels during the sensitive period, the first two postnatal weeks in rats are characterized by a stress-nonresponsiveness. This period, beginning on postnatal day 2 and continuing into postnatal week 2, is referred to as the stress hyporesponsive period (SHRP). During this period, circulating corticosterone levels are low, and the HPA axis is relatively unresponsive to stimulatory effects of stress and to inhibitory effects of circulating glucocorticoids (6). Glucocorticoid exposure during this time has been shown to result in permanent effects on brain development (8, 9). In a recent study from our laboratory, we observed that 6 h after exposure to endotoxin during SHRP, glucocorticoid levels were significantly increased and long term consequences on insulin sensitivity and HPA and hypothalamo-pituitary-gonadal (HPG) axes regulation in the adult female offspring were seen (15). The present study was performed to explore if some of the endotoxin effects were mediated by the glucocorticoid secretion peak. Corticosterone was injected into female pups on postnatal days 3 and 5, at the beginning of the SHRP. The permanent effects on neuroendocrine function, body composition and insulin sensitivity were examined in the adult female rat. Postnatal corticosterone exposure was shown to result in lower basal HPA axis activity and lower circulating leptin levels. Furthermore, leanness, reduction in food intake and an increased sensitivity to insulin were seen in the adult animals.
The result of the novel environment stress test points to a programming effect on the HPA axis after postnatal corticosterone exposure. This is in accordance with previous studies showing that postnatal manipulations, such as maternal deprivation or handling lead to long lasting effects in HPA axis activity and programming of central GRs. However, it seems that different kinds of manipulations result in different responses in the adult offspring (13). In our study, CORT rats had lower non-fasting, pre-stress corticosterone levels, and also lower corticosterone levels at 15 and 90 min of stress exposure. When the difference between stress corticosterone levels and basal levels was considered, the corticosterone response to stress did not differ between the groups. It seems, therefore, that postnatal glucocorticoid exposure lowered the set-point of corticosterone secretion, at basal conditions and also under stress conditions. Felszeghy and co-workers reported a lower corticosterone response to restraint stress in adult rats treated neonatally with dexamethasone (12). This was not, however, as in our study, accompanied by lower basal corticosterone levels. Furthermore, they reported a reduction of GR binding capacity in hippocampus, hypothalamus and pituitary (12).
In the present study, no differences in GR protein levels were detected with Western blot, either in the hippocampus or in the hypothalamus. However, it cannot be excluded that postnatal glucocorticoid exposure led to changes in function of central GRs. It is also possible that the number and function of mineralocorticoid receptors (MR) were affected. MRs mediate several physiological actions of glucocorticoids during the early postnatal period and regulate basal glucocorticoid levels (24, 25) .
Another possible explanation for the effects observed on HPA axis activity is that the postnatal corticosterone exposure caused neuronal damage in the parvocellular neurons, secreting corticotropin-releasing hormone (CRH) and arginine vasopressin, which stimulate the pituitary adrenocorticotropin release in response to stress. The development and function of the parvocellular neurons are known to be influenced by glucocorticoids, postnatal handling or maternal deprivation during development (14, 26) .
Postnatal CORT treatment resulted in leanness, probably due to reduced food intake. Low body weight at adult age after postnatal glucocorticoid treatment has been reported previously (17) . This may be the result of the low basal corticosterone levels seen in this group, since food intake is known to be affected by glucocorticoids (27) . Plasma leptin levels strongly correlate with adipose tissue mass, thus the low leptin levels are probably a consequence of the decrease in adipose tissue mass (28) . Weight loss and a decrease in leptin levels normally signal nutrient deprivation and lead to an increase in food intake through hypothalamic receptors involved in energy intake regulation (29) . Despite low leptin levels, CORT rats had a decreased food intake as compared with controls, indicating improper functioning of the regulation of food intake and energy expenditure. The systems regulating the HPA axis and leptin secretion are interconnected, with leptin stimulating the secretion of CRH from the hypothalamus under basal conditions and inhibiting the HPA axis in response to stress (30, 31) . On the other hand, glucocorticoids stimulate the synthesis and secretion of leptin and have also been suggested to have an inhibitory effect on leptin sensitivity (32, 33) . The results of this study may be a consequence of a disruption of the central CRH and/or leptin system regulating food intake and energy expenditure.
Postnatal corticosterone exposure results in increased insulin sensitivity in adult female rats. Prenatal dexamethasone exposure has been shown to result in both basal and reactive hyperglycemia, Figure 4 Glucose infusion rate at steady state (60-200 min) during the euglycemic hyperinsulinemic clamp (5 mU/kg/min), performed on 10-week-old female, CORT-treated rats (n ¼ 10; solid bar) and control rats (n ¼ 9; open bar). Plasma glucose concentrations were ,6.8 mmol/l in both groups. Data are presented as means^S.E.M.; *P , 0:05 (unpaired Student's t-test).
whereas postnatal dexamethasone did not affect basal glucose levels or response to an oral glucose load (34) . The increased insulin sensitivity seen in postnatally corticosterone-exposed rats is probably a consequence of the leanness in these rats. However, it may also be a direct effect of low circulating corticosterone levels, since glucocorticoids are known to exert anti-insulin effects (35) . Although, in this study, exploratory behavior was not affected by postnatal exposure to corticosterone, previous studies have shown that postnatal glucocorticoid exposure leads to long-term increased general motor activity and novelty-induced ambulation (2). Exercise is known to increase sensitivity to insulin (36) . Even if exploratory behavior was not affected in this study, an effect on general motor activity cannot be excluded, leading to the increased insulin sensitivity seen after postnatal corticosterone exposure.
To summarize, the effects seen on body composition, food intake and insulin sensitivity in this study may be the result of low circulating glucocorticoid levels. The direct influence of corticosterone may have changed the basal HPA axis regulation (37) . The level of this damage cannot be determined, but it did not seem to have affected GR density in the hippocampus or hypothalamus, exerting feedback regulation of the HPA axis activity. Glucocorticoids are involved in food intake regulation (27) , and therefore, a decreased food intake, as well as diminished body weight, fat depots, and leptin, and increased insulin sensitivity, may well be consequences of the relative corticosterone deficiency in this group. Increased insulin sensitivity was also seen after postnatal endotoxin exposure, but the effects on HPA axis regulation in the two studies are disparate (15). The results from the present study suggest that part of the effects of postnatal endotoxin exposure on insulin sensitivity may be mediated by glucocorticoids. However, glucocorticoid exposure experienced after endotoxin treatment is most likely qualitatively and quantitatively different from the one in this study.
Recent research suggests that a person's experience in very early life, programming, may be an important determinant of the risk of contracting several major diseases in later life including cardiovascular disease, hypertension, stroke, obesity and type 2 diabetes. One of the possible mechanisms involved is programming of the HPA axis. The present work demonstrates that postnatal exposure to corticosterone during a period of extensive brain development is followed by changed HPA axis activity, leanness and increased sensitivity to insulin in female pups. To further elucidate the mechanisms involved, additional studies will be required.
